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Introduction {#sec6}
============

With the advances in portable electronics and interest in electric vehicles, the demand for high-performance energy storage devices is exponentially growing ([@bib15], [@bib14], [@bib1], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12]). Rechargeable lithium-sulfur (Li-S) batteries are appealing as one of the most attractive candidates for energy storage because of their high theoretical energy density and capacity ([@bib24], [@bib23], [@bib30], [@bib11], [@bib12], [@bib38], [@bib39], [@bib37]). However, Li-S batteries still face serious drawbacks toward practical applications, including the insulating nature of sulfur and the migration of soluble lithium polysulfides (LiPSs), which give rise to low capacity and rapid capacity decay ([@bib4], [@bib16], [@bib8], [@bib9], [@bib10], [@bib31]). Extensive strategies have been proposed to address these issues. A combination of sulfur and conductive carbonaceous materials, such as reduced graphene oxide, three-dimensional graphene foam (3DGF), carbon nanotube, or conducting polymers, has been considered as an effective approach to improve the electrical conductivity of the electrode and physically confine the soluble LiPSs ([@bib7], [@bib2], [@bib29]). However, due to the weak physical interaction between nonpolar carbonaceous materials and polar LiPSs, the severe capacity degradation still remains during long-term cycling ([@bib40], [@bib19], [@bib21], [@bib22], [@bib32]).

Recently, it has been illustrated that polar materials can significantly improve the chemical adsorption capability for LiPSs, and strenuous efforts have been pursued to develop polar sulfur hosts with strong chemical interaction toward polysulfides species. For example, metal-organic frameworks (MOF) with strong Lewis acid-base interactions for LiPSs are efficient in entrapping polar LiPSs ([@bib36], [@bib8], [@bib9], [@bib10]) and improving cycling stability when used in the cathodes of Li-S batteries. Polar oxides, such as TiO~2~, MnO~2~, SiO~2~, and V~2~O~5~, have also been explored as host materials for Li-S batteries owing to their strong affinity to LiPSs ([@bib38], [@bib39], [@bib17], [@bib21], [@bib22]). However, these oxides usually have relatively poor electrical conductivity, which tends to slow down the electrode kinetics and thus compromises the utilization of sulfur and the rate capability ([@bib26]). Therefore, metal sulfides (Co~9~S~8~, CoS~2~, and Co~3~S~4~) and metal nitride (TiN) with high conductivity and strong chemical interaction for LiPSs have been proposed as hosts for sulfur in Li-S batteries ([@bib25], [@bib35], [@bib3], [@bib18]). However, rational nanoarchitecture designs to improve the utilization of sulfur particularly at higher sulfur loading and content is still challenging, and most of such sulfur composite cathodes still require polymer binders, conductive additives, and metallic current collectors, which not only reduce the power density of the cell but also degrade the long-term cycling.

Herein, we choose a chemical vapor deposition (CVD)-grown 3DGF with high conductivity and excellent flexibility as a binder-free, free-standing skeleton and the conductive hollow polar cobalt sulfide (Co~9~S~8~) arrays directly grown on 3DGF skeleton as an efficient sulfur host for Li-S batteries. Benefiting from the well-designed hierarchical Co~9~S~8~-3DGF nanoarchitecture, the hollow Co~9~S~8~ nanowall arrays anchored onto 3DGF offer abundant nanoporous space to accommodate a large amount of sulfur, allow sufficient electrolyte penetration, and facilitate the transport of ions/electrons. The binder-free, free-standing Co~9~S~8~-3DGF/S cathode without polymer binders, conductive additives, and metallic current collectors delivers a remarkably high areal capacity of 10.9 mA hr cm^−2^ even with a very high sulfur loading (10.4 mg cm^−2^) and sulfur content (86.9 wt%) and exhibits significant improvement in the specific capacity, rate capability, and long-term cycling stability.

Results {#sec1}
=======

The synthetic strategy of the Co~9~S~8~-3DGF/S is schematically shown in [Figure 1](#fig1){ref-type="fig"}A; for detailed synthesis procedure, see the [Transparent Methods](#mmc1){ref-type="supplementary-material"}. First, a facile solution method was used to grow cobalt-based MOF solid nanowall arrays onto a piece of 3DGF. Then, through a subsequent solvothermal reaction with thioacetamide (TAA) in ethanol, the Co-MOF solid nanowall arrays were transformed to hollow Co~9~S~8~ arrays. The color of Co-MOF/3DGF changed from purple to black after the transformation to Co~9~S~8~-3DGF ([Figure S1](#mmc1){ref-type="supplementary-material"}). After this sulfurization treatment, the obtained Co~9~S~8~-3DGF was mixed with an appropriate amount of sulfur, and the sulfur was impregnated into the Co~9~S~8~-3DGF by a modified melt-diffusion strategy. Benefiting from the efficient surface bonding between the Co~9~S~8~ nanowall arrays and the sulfur species, the dissolution and migration of LiPSs were effectively alleviated during the charge/discharge process ([Figure 1](#fig1){ref-type="fig"}B).Figure 1Schematic Diagram of the Co~9~S~8~-3DGF/S Composite(A) Schematic of the synthetic procedure of the Co~9~S~8~-3DGF/S composite.(B) Advantages of the Co~9~S~8~-3DGF/S composite over 3DGF/S.

Through a facile solution method, the solid Co-MOF nanowall arrays are uniformly grown onto the 3DGF. The scanning electron microscopic (SEM) images in [Figures 2](#fig2){ref-type="fig"}A--2C show that the skeleton of 3DGF is homogenously coated by a solid Co-MOF with nanowall morphology. The X-ray diffraction (XRD) patterns of the Co-MOF in [Figure S2](#mmc1){ref-type="supplementary-material"} are in agreement with previous reports ([@bib6]). [Figure 2](#fig2){ref-type="fig"}D illustrates that the typical array morphology and a uniform coating on 3DGF are maintained after sulfurization treatment with TAA. As shown in [Figures 2](#fig2){ref-type="fig"}E, 2F, and [S3](#mmc1){ref-type="supplementary-material"}, a hollow structure is formed in Co~9~S~8~-3DGF, which can be attributed to the Kirkendall effect ([@bib20]). Specific surface area results further confirm the high specific area of Co~9~S~8~-3DGF ([Figure S4](#mmc1){ref-type="supplementary-material"}). The absence of the Co-MOF peaks in the XRD pattern of Co~9~S~8~-3DGF ([Figure S5](#mmc1){ref-type="supplementary-material"}A) confirms the successful transformation from Co-MOF to Co~9~S~8~. After the sulfur impregnation into Co~9~S~8~-3DGF, the architecture of Co~9~S~8~-3DGF/S still remains as nanowall arrays, as shown in [Figure 2](#fig2){ref-type="fig"}G. It is worth noticing that those nanowall arrays are solid, indicating that the sulfur has been effectively confined into the hollow Co~9~S~8~ nanowall arrays ([Figures 2](#fig2){ref-type="fig"}H and 2I). Such a unique architecture with an excellent interfacial contact between sulfur-Co~9~S~8~ and 3DGF can help realize the fast diffusion of LiPSs on the Co~9~S~8~ surface to the highly conductive graphene surface. As a result, strong entrapment (by Co~9~S~8~) and fast electron transfer (by 3DGF) for LiPS conversion can be simultaneously realized, avoiding the accumulation of LiPSs and improving their utilization. The XRD pattern of Co~9~S~8~-3DGF/S ([Figure S5](#mmc1){ref-type="supplementary-material"}A) also suggests the successful introduction of sulfur. The SEM images and the corresponding elemental mappings in [Figures S6](#mmc1){ref-type="supplementary-material"}A--S6F evidently indicate a uniform distribution of Co~9~S~8~ and S in Co~9~S~8~-3DGF/S. The TGA curves ([Figure S5](#mmc1){ref-type="supplementary-material"}B) show that the content of sulfur in Co~9~S~8~-3DGF/S is 79.2 wt.% (6.2 mg cm^−2^). For comparison, 3DGF/S was also prepared. Owing to the hydrophobic nature of the 3DGF, the hosted sulfur on 3DGF tends to severely aggregate into bulk particles ([Figure S7](#mmc1){ref-type="supplementary-material"}).Figure 2Morphology and Microstructure Analysis of the Co~9~S~8~-3DGF/S CathodeVarious magnification SEM inspections of (A--C) Co-MOF-3DGF, (D--F) Co~9~S~8~-3DGF, and (G--I) Co~9~S~8~-3DGF/S.

Discussion {#sec2}
==========

To demonstrate that such a rational architecture of Co~9~S~8~-3DGF is beneficial for the electrochemical properties of Li-S batteries, the Co~9~S~8~-3DGF/S was cut and directly used as a binder-free, free-standing cathode. As shown in [Figure 3](#fig3){ref-type="fig"}A, the cyclic voltammetry (CV) profiles in the first four cycles of the cell with Co~9~S~8~-3DGF/S are obtained with a sulfur loading of 6.2 mg cm^−2^ at a scan rate of 0.1 mV s^−1^ in the voltage range of 1.8--2.8 V. Compared with our previous reports, Co~9~S~8~-3DGF/S shows a similar electrochemical reaction ([@bib27], [@bib28], [@bib33], [@bib34]). The two main reduction peaks at 2.34 and 1.97 V in the initial cathodic sweep reflect the transformation of S to long-chain LiPSs and ultimately to Li~2~S. The oxidation peak located at 2.41 V corresponds to the conversion of Li~2~S to LiPSs and finally to sulfur. The overlapped CV profiles after the initial cycles evidence the highly reversible electrochemical process. As shown in [Figure S8](#mmc1){ref-type="supplementary-material"}, the rate-dependent CV curves of Co~9~S~8~-3DGF/S were obtained and the corresponding Li-ion diffusion coefficient (*D*~*Li+*~) was calculated. The *D*~*Li+*~ values of C~1~, C~2~, and A peaks are, respectively, 1.72 ×10^−8^, 4.85 × 10^−8^, and 2.91 × 10^−8^ cm^2^ s^−1^. These *D*~*Li+*~ values are close to the values in our previous report ([@bib5]). Importantly, the polarization of the Co~9~S~8~-3DGF/S cathode with a high sulfur loading (6.2 mg cm^−2^) and high sulfur content (79.6 wt.%) remains low during the electrochemical process. Considering the above structural analyses on Co~9~S~8~-3DGF/S, such low polarization is due to the unique architecture of Co~9~S~8~-3DGF/S offering excellent trapping-diffusion conversion process. Such results were further confirmed by the impedance values of Co~9~S~8~-3DGF/S relative to those of 3DGF/S ([Figure S9](#mmc1){ref-type="supplementary-material"}). The charge/discharge curves of the cell with Co~9~S~8~-3DGF/S at C/10 rate (1C = 1,675 mA g^−1^) well coincide with its CV behavior. ([Figure 3](#fig3){ref-type="fig"}B) Remarkably, the potential plateaus remain the same even after 200 cycles, implying an excellent immobilization of Co~9~S~8~-3DGF/S for sulfur species.Figure 3Electrochemical Performance of the Co~9~S~8~-3DGF/S Cathode(A) CV curves of the Co~9~S~8~-3DGF/S cathode at 0.1 mV s^−1^ at 1.8--2.8 V.(B) Charge/discharge profiles of the Co~9~S~8~-3DGF/S cathode.(C) Cycling stability of the Co~9~S~8~-3DGF/S and 3DGF/S cathodes at C/10 rate for 200 cycles.(D) Rate performances at various cycling rates of the Co~9~S~8~-3DGF/S and 3DGF/S electrodes.(E) Cycling performances of the Co~9~S~8~-3DGF/S electrodes for long-term cycling at 1C rate.

The cyclic performances at C/10 rate in the voltage range of 1.8--2.8 V for the Co~9~S~8~-3DGF/S and 3DGF/S cathodes were measured with the same sulfur loading of 6.2 mg cm^−2^. Co~9~S~8~-3DGF/S exhibits pronounced cycling stability with a high capacity retention of 84.9% after 200 cycles, as shown in [Figure 3](#fig3){ref-type="fig"}C. Importantly, even after 200 cycles, Co~9~S~8~-3DGF/S still can maintain its nanowall array morphology ([Figure S10](#mmc1){ref-type="supplementary-material"}). By sharp contrast, the 3DGF/S cathode shows a rapid capacity degradation after 200 cycles with a poor capacity retention of 42.8%. The fast capacity decay of 3DGF/S is attributed to the weak affinity of 3DGF to sulfur species and poor physical entrapment. To better understand the synergistic effect of each component and to optimize the electrochemical performances, the electrochemical performance of Co~9~S~8~-3DGF/S with a Co~9~S~8~ loading of 2.3 mg cm^−2^ was obtained. As shown in [Figure S11](#mmc1){ref-type="supplementary-material"}, although a higher content of Co~9~S~8~ can improve the adsorption toward LiPSs, it will decrease the conductivity of the electrode. As a result, the utilization of active materials decreases and the specific capacity of the cathode is low. The visual observations of Co~9~S~8~-3DGF/S and 3DGF/S confirm that polysulfide dissolution is effectively mitigated in Co~9~S~8~-3DGF/S during the charge/discharge process ([Figure S12](#mmc1){ref-type="supplementary-material"}).

The rate capabilities of the cells with Co~9~S~8~-3DGF/S at various rates from C/20 to 2C are shown in [Figures 3](#fig3){ref-type="fig"}D and [S13](#mmc1){ref-type="supplementary-material"}. At a C/20 rate, the cell with Co~9~S~8~-3DGF/S delivers a high specific capacity of 1,306 mA hr g^−1^. Even at a high rate of 2C, the capacity of the cell with Co~9~S~8~-3DGF/S still remains stable at 670 mA hr g^−1^, which is significantly better than that of the cell with 3DGF/S (74.9 mA hr g^−1^) under the same conditions. Furthermore, when the C-rate is switched back to C/20, the capacity of the cell with Co~9~S~8~-3DGF/S recovers to the original value, indicating the excellent mechanical stability within the cathode. It is known that the long-term charge/discharge process is still a challenge for high-sulfur-loading cathodes. To further illustrate the structural advantages of Co~9~S~8~-3DGF/S, the prolonged cycling performance was evaluated at 1C rate for 500 cycles. As shown in [Figure 3](#fig3){ref-type="fig"}E, the Co~9~S~8~-3DGF/S cathode exhibits an extraordinary cyclic stability with a high capacity retention of 77.2%. Even at a high rate of 1C after 500 cycles, the Co~9~S~8~-3DGF/S cathode still delivers 736 mA hr g^−1^.

The areal capacity of the Co~9~S~8~-3DGF/S cathode was also assessed. As shown in [Figure 4](#fig4){ref-type="fig"}, the Co~9~S~8~-3DGF/S cathode with a sulfur loading of 6.2 mg cm^−2^ delivers at C/10 rate a high areal capacity of 7.6 mA hr cm^−2^, which is much higher than that of commercial lithium-ion batteries (typically 4 mA hr cm^−2^) ([@bib13]). Furthermore, an even higher areal capacity of 10.9 mA hr cm^−2^ could be realized at a rate of C/10 by increasing the sulfur loading to 10.4 mg cm^−2^ (86.9 wt.%). It is obvious that the areal capacity of our Co~9~S~8~-3DGF/S cathode is much higher compared with those of recently reported high-areal-capacity Li-S cathodes with higher sulfur loading ([Table S1](#mmc1){ref-type="supplementary-material"}). This value is nearly three times more than that of commercial Li-ion batteries, indicating the promise of Co~9~S~8~-3DGF/S cathodes. In addition, even with such a high sulfur loading of 10.4 mg cm^−2^, the Co~9~S~8~-3DGF/S cathode still exhibits good cycling stability for 200 cycles. Such impressive features imply that the Co~9~S~8~-3DGF/S is an attractive cathode for the practical Li-S batteries.Figure 4The Electrochemical Performance of Co~9~S~8~-3DGF/S Cathode with High Sulfur Loading(A) Cycling performances of the Co~9~S~8~-3DGF/S electrodes with 6.2, 8.1, and 10.4 mg cm^−2^ sulfur loadings and (B) the corresponding areal capacities.

The SEM images of the lithium foils and the photographs of the separators recovered from the cells with the Co~9~S~8~-3DGF/S and 3DGF/S cathodes after 200 cycles were further analyzed to elucidate the excellent confinement of the sulfur species within Co~9~S~8~-3DGF/S ([Figures S14](#mmc1){ref-type="supplementary-material"} and [S15](#mmc1){ref-type="supplementary-material"}). Severe corrosion observed on the surface of lithium foil with the 3DGF/S cathode indicates that the 3DGF can only provide weak protection for lithium foil from LiPSs. The obvious color changes of the separator in the cell with 3DGF/S further imply the existence of severe shuttle effects. In addition, the photographs of the absorption experiments of 3DGF and Co~9~S~8~-3DGF visually demonstrate that Co~9~S~8~ can provide strong interaction for LiPSs ([Figure 5](#fig5){ref-type="fig"}). Correspondingly, a dramatic decrease can also be detected in the ultraviolet (UV)-visible absorption spectra. The peak intensity of the S~6~^2−^ species is much lower for Co~9~S~8~-3DGF than for 3DGF, implying that Co~9~S~8~-3DGF has better affinity and strong adsorption. Moreover, to further quantitatively evaluate the chemical adsorption of Co~9~S~8~ for LiPSs, X-ray photoelectron spectroscopy (XPS) analysis was carried out. After contacting with Li~2~S~6~ for 1 hr, the peaks of Co 2p~3/2~ shifts toward higher binding energies and the satellite peaks become obvious, implying electron transfer from Li~2~S~6~ molecules to Co, as shown in [Figure S16](#mmc1){ref-type="supplementary-material"} ([@bib26]). Such an analysis directly indicates a strong chemical interaction between Co~9~S~8~ and Li~2~S~6~ and evidently provides insights on the electrochemical improvement offered by Co~9~S~8~-3DGF/S.Figure 5Adsorption of Co~9~S~8~-3DGF toward Lithium PolysulfidesUV-visible spectra of the Li~2~S~6~ solution with 3DGF and Co~9~S~8~-3DGF. Inset: the photograph of the sealed vials of a Li~2~S~6~ solution with a solvent of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME) after contacting with 3DGF and Co~9~S~8~-3DGF for 1 hr.

In summary, the rational design and fabrication of MOF-derived cobalt sulfide arrays anchored onto 3DGF (Co~9~S~8~-3DGF) has been presented as an efficient sulfur host for long-life, highly efficient Li-S batteries. The Co~9~S~8~-3DGF/S can be directly used as a binder-free, free-standing cathode. Moreover, the Co~9~S~8~-3DGF/S exhibits pronounced electrochemical performance owing to its unique 3D hierarchical nanoarchitecture, which can synergistically realize a strong chemical entrapment of LiPSs (by Co~9~S~8~) and fast transport of electrons (by 3DGF), avoid the accumulation of LiPSs, and improve the utilization of sulfur. As a result, Co~9~S~8~-3DGF/S with a very high sulfur loading of 10.4 mg cm^−2^ delivers excellent electrochemical performance. This work provides new insights into the rational design of binder-free, free-standing cathodes for highly efficient Li-S batteries.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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